This paper presents a fully inkjet-printed flexible MEMS switch for phased-array antennas. The physical structure of the printed MEMS switch consists of an anchor with a clamp-clamp beam, a sacrificial layer, and bottom transmission lines. 5-mil Kapton® polyimide film is used as a flexible substrate material. Two different types of conductive ink PEDOT : PSS from Sigma Aldrich and silver nanoparticle ink from NovaCentrix are used for the fabrication of different printed layers. Layer-by-layer fabrication process and material evaluation are illustrated. Layer characterization is done with respect to critical thickness and resistance using 2D/3D material analysis. Fujifilm Dimatix Material Printer (DMP-2800) is used for fabrication, and KLA-Tencor (P-7) profiler is used for 2D and 3D analysis of each layer. The MEMS switch has a low actuation voltage of 1.2 V, current capacity of 0.2195 mA, a current on-off ratio of 2195 : 1, and an RF insertion loss of 5 dB up to 13.5 GHz. Printed MEMS switch technology is a promising candidate for flexible and reconfigurable phased-array antennas and other radio frequency (RF) and microwave frequency applications.
Introduction
Digitals beamforming phased-array antennas (PAAs) with distributed control and processing electronics offer numerous advantages for radio frequency (RF) communications, such as electronically controllable beamforming and steering, high average transmitted power and efficiency, flexible subarraying to provide multiple communication links simultaneously, reconfigurable high-gain patterns, and increased reliability through reconfiguring redundant array elements. Low-cost, high-gain, lightweight, and conformal active PAA on flexible substrates is of particular interest in space communication networks. However, the major deterrent to developing such systems is the difficulty in integrating antenna and electronic circuits on the flexible surface, especially the switch-controlled phase shifters and amplifiers. Previously, a prototype of active PAA is designed using carbon nanotubes (CNT) as the active material in the digital switching device [1] . However, the printed flexible CNT transistor switch is limited to 5 GHz [2] . Graphene transistor potentially has higher working frequency. However, the current on-off ratio is limited to 38 due to the intrinsic zero-bandgap property [3, 4] . A MEMS switch theoretically has unlimited bandwidth and on-off ratio due to the mechanical property. However, there is no report about highperformance fully printed flexible MEMS switch.
The attractiveness of printing technology is due to its greatly simplified fabrication process. In this process, it is possible to achieve multilayered microstructures and thinfilm devices in a simple and cost-effective way [5] [6] [7] . The most widely used printing techniques are inkjet, aerosol jet, screen printing [8] , flexographic printing, and gravure printing [8] . The sheet-based inkjet printing technique has been gaining attention because of its unique features, such as simplicity of fabrication, compatibility with different substrates, feasibility of noncontact, low-temperature processing, and low cost. Aerosol jet printing offers one of the best printing resolutions with good flexibility, but the tool and its setup are more expensive than the comparatively low-cost inkjet printing.
Furthermore, inkjet printers can be divided into two basic process groups: continuous and drop-on-demand [9, 10] . In continuous inkjet printers, the ink is first pumped through a nozzle forming a liquid jet. Next, the formed liquid jet is deflected by electrostatic plates to the paper or to a reservoir for recirculation. Today, most inkjet printers are based on a drop formation process, which is called dropon-demand (DOD) [9, 11] . The drop-on-demand method provides smaller drops and higher placement accuracy compared to the continuous inkjet printers. In this study, drop-on-demand inkjet printing is used [12] . The pulse that creates the ink drop can be generated either thermally or piezoelectrically. In our work, a Fujifilm Dimatix piezoelectric type inkjet printer is used.
Currently, a large variety of MEMS devices such as sensors, actuators, and switches are available [13] [14] [15] . These devices, however, are mostly developed and fabricated by cleanroom micromachining technology, which is complicated in its processing steps and expensive to develop. The subtractive nature of the micromachining also incurs material waste and is not environmentally friendly [16, 17] . So far, there are very few research articles found from literature on printed MEMS devices. MEM relay is one of them, which was published in February 2016 [18] . However, the fabrication process of the mentioned article was not fully based on printing technology. Instead, the fabrication process was a combination of inkjet printing technique and another thin film deposition (spin coating) and etching technique. Only the electrodes of the MEM relay were fabricated using inkjet printing technique, while other layers like gate insulator and sacrificial layers were fabricated by spin coating and chemical etching (preparation of via holes). In the same article, they reported several measurements with respect to pull-in voltage (7.2 V), turn on delay (8 μs), on-off ratio (10 8 ), and on state resistance (3.7 Ω). It is to be noted that from the literature review, other than this article, there are no fully printed MEMS switch reported.
In this work, we explore the design, fabrication, and characterization of the fully 3D inkjet-printed flexible MEMS switches where all the layers like electrodes, sacrificial layer, cantilever, and anchor were fabricated using inkjet printing technology. The MEMS switch is a key component of phase shifter and can be printed together with antenna elements to develop a fully printed active phased-array antenna system.
Material Evaluation for Inkjet Printing of MEMS Switches
Polymeric material is used in most flexible electronics and/or organic electronic applications. A polymeric solid is made of many repeating molecules called monomers. Polymers can exhibit various mechanical, electrical, and optical properties depending on the synthesis conditions and chemical properties. The electrical conductivity of insulating polymers is about 10 −18 S/m whereas that of doped trans-polyacetylene is 10 7 S/m [19] . Some polymers such as poly(cis-1,4-isoprene) and poly(chloromethylstyrene) are sensitive to highenergy radiation. If the polymer is exposed to ultraviolet light, the chemical properties, such as solubility, of the polymer in the exposed area change. Photolithography is a very well-known process in electronics that uses this principle. To understand the electronic properties of polymers, it can be considered that each monomer has its electron orbitals in a certain electronic state [19] . Table 1 shows some commercially available substrate polymers. A Kapton film (HN type) of thickness 125 μm from DuPont was used as a substrate in this research. As per manufacturer specifications, Kapton film can be used at temperatures as low as −269°C and as high as 400°C [20] . Kapton film is chosen as the substrate for this work due to its flexibility, high temperature operability (400°C), and low elastic coefficient. As acid etching is one of the important steps during device fabrication, it is also important to choose a substrate whose performance is not degraded by acid.
To print either in a large scale, such as a functional circuit, or in a very small scale, such as a nanometer-sized device, will require careful thought and engineering for the printing parameter settings. Unfortunately, these two opposing dimension extremes do appear in a single MEMS device that we designed, as both large-scale transmission lines and small-scale device details are present. To prevent International Journal of Antennas and Propagation the deviation in operation of the nozzles of Fujifilm Dimatix, testing of each of the 16 nozzles is necessary before any printing operation. It was found from a review of the literature and our experimental work, for small pattern or feature printing, that the usage of a single nozzle provides more consistent results than using multiple nozzles. Two types of conductive inks were used throughout the research: PEDOT (poly(3,4-ethylenedioxythiophene)-poly (styrene sulfonate)) high-conductivity grade from Sigma-Aldrich was used for transmission line and clampclamp beam fabrication. Metalon silver ink (JSB-40G) from NovaCentrix was used for the sacrificial layer. The viscosity of the silver ink is about 8-10 cP with surface tension 28-32 dyne/cm [21] . On the other hand, PEDOT is a water-based ink. Deposition of PEDOT on top of Kapton is difficult as it is a water-based ink and the surface of the substrate is hydrophobic. Therefore, the surface of the Kapton substrate needs special treatment and a modified printing environment to promote adhesion for printing with PEDOT ink.
It is also observed that, by setting a minimum distance between the cartridge nozzles and substrate and a lower waveform triggering voltage of around 20-26 V, it was possible to achieve very small printed structure sizes during ink deposition. Furthermore, it was seen that using only one nozzle at a time during printing resulted in quality outputs.
PEDOT Ink Evaluation.
PEDOT is used to fabricate two of the most important portions of the printed MEMS switch, namely, transmission lines and clamp-clamp beam. The reason behind choosing PEDOT for these two parts is its acid-resistant property. It is a polymer-type ink not reactive to acid which is required for the MEMS fabrication. Also, International Journal of Antennas and Propagation PEDOT has relatively low viscosity which makes it suitable for inkjet printers. Table 2 shows the typical properties of PEDOT [22] . PEDOT is stored between 4°C and 25°C in a vacuum freezer. As mentioned earlier, to achieve good printing results with PEDOT, surface treatment of the substrate is needed. Figure 1 shows the printing of PEDOT without and with surface treatment. A significantly better pattern printing is achieved after surface treatment by oxygen plasma cleaning at 100 watts for 5 minutes. It should be noted that oxygen plasma treatment increased the adhesion to the substrate surface. For PEDOT printing, the firing voltage setting for the print head is between 20 and 25 V, with firing frequency at 5 kHz and cartridge temperature of 24°C. The platen temperature was held at 38°C during printing. Table 3 shows the set parameters of the Fujifilm Dimatix Material Printer during deposition.
Silver Ink Evaluation.
In the prototype MEMS device fabrication, silver layer is used as a sacrificial layer which will be removed after the device fabrication. Metalon silver ink is highly conductive at standard curing temperatures (120°C for 10 min. and 220°C for 30 min.). After a standard curing process, a 1 cm by 1 cm silver patch gives 1.22 Ω Figure 2 shows the schematic top view and cross-sectional view of the designed MEMS switch. According to the design, the two transmission lines have a separation of 210 μm, and the length and width of clamp-clamp beam are 1400 μm and 260 μm, respectively. Three contact points are also printed at the three terminals of the switch. Two ends of the transmission line contacts have dimensions of 400 μm by 400 μm and the beam end contact has a dimension of 290 μm by 290 μm. The dimensions of clamp-clamp contact point are less than that of the other two to achieve a minimum weight. Figure 3(a) shows the image of the first printed layer of the device, which is the transmission line consisting of deposited PEDOT polymer ink. The image was taken by KLA-Tencor process camera. This transmission line has an average thickness of 2.59 μm. Figure 3(b) is the uniformity analysis in 3D, and Figure 3(c) shows the 2D thickness measurement. This step needs a total of 20 layers of printed PEDOT to achieve the designed critical thickness.
Design and Fabrication of MEMS Switch

Analysis of the Bottom Transmission Line Layer.
From Figure 3 (a), it appears that the two transmission lines are shorted by a slight amount of contact. The reason for this is the spreading of ink during printing. But the amount of PEDOT is quite small, and the amount of spreading is not significant enough to short the path. The measured resistances between the two transmission lines were found to be infinite which proved that the two transmission lines were not shorted. Additionally, the end-to-end resistance of a single PEDOT transmission line is measured to be between 1.1 and 2.0 kΩ. Figure 4(a) shows the second printed layer which is the Ag sacrificial layer of the device. The average thickness of this layer is about 2.35 μm. Figure 4(b) shows the uniformity of deposited Ag metallic ink by APEX 3D analysis, and Figure 4(c) shows the 2D thickness measurement. The Ag sacrificial layer is needed with a total of three printed layers to achieve the required critical thickness. Figure 5(a) shows a complete three-layer printed device. Table 4 is the measured resistance between any two of the three terminals of the fabricated switch. It should be noted that Ag is a highly conductive material ink. Before the removal of sacrificial Ag layer, it is shorting the three terminals of the switch. From Table 4 , the smaller resistances indicate the shorted path among these three terminals due to the Ag sacrificial layer.
Analysis of the Silver Sacrificial Layer.
Membrane Releasing of Printed MEMS Switch.
An acid solution is used for etching the Ag sacrificial layer and releasing the membrane. Figures 6(a) and 6(b) show the complete MEMS switch before and after etching. It took about 15 minutes to completely release the membrane. It is also evident from Figure 6 (b) that the Ag sacrificial layer is completely etched off. End-to-end terminal resistance is measured, which will indicate whether the membrane is completely released or not. Table 5 shows the resistances between any two of the three terminals of the MEMS switch after etching the Ag sacrificial layer. According to the original design, after the removal of the sacrificial layer, there should not be any 7 International Journal of Antennas and Propagation physical contact among three terminals. So, theoretically, the resistances between the terminals should be very high after removing the sacrificial layer. High resistance values between any two terminals in Table 5 prove that the membrane has been released successfully. Another way to prove a successful membrane release is to compare the thickness measurement before and after etching.
Thickness Comparison before and after Membrane
Release. Figure 7 shows the thickness comparison before and after etching. Scanning was taken along the −X to +X direction (Figure 7(b) ). It is seen in Figure 7 (a) that the thickness of the sacrificial layer region was 2.77 μm before etching, and Figure 7 (b) shows that the thickness measurement of the same region after etching is 2.76 μm. The measured profile of the post release air gap in Figure 5 is further proof that the release has been done successfully. Although the clampclamp beam dropped down a little bit about 0.01 μm, there is still quite a large air gap between the beam and transmission lines as the measured resistance is very high in between any two terminals.
Additionally, Figure 8 shows the comparison of 2D thicknesses in the anchor region. These two thicknesses are also almost the same for before and after etching, which proves that the clamp-clamp was still hanging with some air gap in between the clamp-clamp beam and transmission lines.
DC and RF Characterization of the Printed MEMS Switch
Two different connection schemes are used to analyze the DC performance analysis of the switch. Figure 9 shows the schematic diagram of connection. The input voltage is applied between the clamp-clamp beam and transmission line 1, and output signal is taken using an ammeter in between the clamp-clamp beam and transmission line 2. The application for this MEMS switch requires that the input signal is applied on one side of the transmission line and the output is collected from the other side when the switch is turned on. The input signal was applied by an external power supply (model: GPS-3303), and the output was measured by the ammeter option of a multimeter (model: HP 34401 A). By using the power supply, applied voltage is increased gradually from 0 V to 5 V which is incremented by 0.2 V. It is seen that there were very small current (0.0001 mA) or no current output till 1.0 V. Just after crossing the 1.0 V, the device starts conducting with 0.0068 mA output current. During the start of current conduction, the recorded voltage was 1.2 V. Therefore, the actuation voltage for the printed MEMS switch is 1.2 V. Figure 10 presents the plotted data for input voltage versus output current for connection type 1. It is evident from the plot that it has three different regions, which are 0-1.2 V, 1.2-4.8 V, and beyond 4.8 V. The first region is 0-1.1 V where the switch is not turned on; the second is 1.2-4.8 V which is the active region for the switch; and finally, after 4.8 V, the switch saturates.
After completely pulling down the clamp-clamp beam, we removed the ammeter between the cantilever and transmission line 2. RF signal from vector network analyzer is applied to transmission line 1 through the RF probe. The output from transmission line 2 is evaluated through the S21 parameter measurement using a vector network analyzer up to 13.5 GHz. The maximum insertion loss is about 5 dB. The insertion loss could be further reduced by optimizing the conductivity of the transmission line.
To put the inkjet-printed MEMS switch in perspective with other microswitches, Table 6 summarized the experimental results of an electrostatically actuated MEMS switch.
Conclusion
This research work demonstrates a major milestone toward the fabrication of a 3D inkjet-printed flexible MEMS switch. The MEMS switch consists of three different layers with different sizes. A detailed analysis of each layer and International Journal of Antennas and Propagation characterization are also illustrated in this paper. The MEMS switch has a low actuation voltage of 1.2 V, current capacity of 0.2195 mA, a current on-off ratio of 2195 : 1, and an RF insertion loss of 5 dB up to 13.5 GHz. The performance of the MEMS switch could be further improved through the optimization of material selection and fabrication process. We believe that these results have paved the way for the development of next-generation high-performance, lightweight, mechanically flexible, and low-activation voltage RF MEMS switches for numerous phased-array antenna systems and other commercial and military communication applications.
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